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1. INTRODUCTION

Many important questions remain in the
problem of cumulus parameterization. One of the
most notable is what are the ensemble effects of
mesoscale organization of cumulus convection?
How do large-scale processes affect mesoscale
organization, if at all? How strong is the
coupling Dbetween large-scale and cloud-scale
processes when mesoscale organization of clouds
exists? To attempt to answer these questions, we
are performing simulations using a numerical
cumulus ensemble model. In particular, we are
simulating a situation in which the imposed
large-scale vertical velocity wvaries in time,
and analyzing the results in terms of the
cumulus ensemble's evolution and its relation to
the large-scale forcing.

2. THE NUMERICAL MODEL

The numerical model is a two-dimensional
cloud model based on the anelastic system of
equations. It includes a third-order turbulence
closure and a bulk microphysics parameteriza-
tion.

Some results from an earlier version of
the cumulus ensemble model were presented at the
i6th Conference on Hurricanes and Tropical
Meteorology  (Krueger, 1985a). The  earlier
version of the wmodel 1is fully described 1in
Krueger (198Sb). The current version differs in
two major ways from the earlier version: (1) An
lce-phase microphysical parameterization has
been incorporated following Lord et al., (1984);
and (2) the horizontal domain is larger (128
km). Both of these changes should make the
development of w®esoscale organization more
likely than in the earlier version of the model.

The wodel domain is 18 km in depth. The
vertical grid interval ranges from 100 m near
the surface to about 1 km near the top of the
domain. The horizontal grid interval is 1 km.
The cyclic boundary condition 1is used 1in the
horizontal direction; at the itop and bottom, the
boundaries are rigid. The 1lower boundary 1is
assumed to be a sea surface. '
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3.  THE NUMERICAL SIMULATION

3.1 External parametersg

In the model, the large-scale vertical
velocity (W), the radiative cooling rate, and
the s8ea surface temperature are specified.
During the first 24 hours, W 1s =zero. After
hour 24, w is positive at all 1levels with a
mavimum at a3 height of 7.5 km; 4its =magnitude
varies sinusoidally in time with a 48-hour
period and reaches its maximum at hour 48 and
every 48 hours thereafter. At 7.5 km, ¥ ranges
between 0 and 5.5 cm/s. The radiative cooling
rate is 2 K/day below 15 km and zero above 15
km. The sea surface temperature is fixed at
299.9 K.

To compute the surface fluxes, the
surface wind speed (V) is required. We set V=2.5
m/s, wvhich is typical for the ITCZ. To provide a
decay mechanism for gravity waves, a radiative
damping term is included in the equation for
potential temperature (8). We wuse -k(6-0),
where 6 is the horizontal average of 6, and
k=0.2 day™1.

Starting at hour 1, random perturbations
are added to the potential temperature fields at
two levels near the middle of the subcloud mixed
layer to initiate cloud formation. The tempera-
ture perturbations range from -0.4 to +0.4 K. A
different set of random temperature perturba-
tions 1s used for each S5-minute interval. The
perturbations are added evenly over each time
interval and thus act as a perturbation heating
or cooling.

3.2 Initial conditions

The 1initial sounding 1is 1in hydrostatic
balance and follows the GATE Phase III mean
sounding. The troposphere is moist and
conditionally unstable below 4 km. The sounding
was slightly modified to include a well-defined:
mixed layer 500 m deep. At the surface, the air
i8 1 K colder than the sea. All of the
turbulence fields are zero initially.
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Fig. 1. Time series of the terms in the domain-integrated water budget: large~scale advection,
solid line; surface evaporation rate, dash-dot lipme; surface rainfall rate, dashed line.
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Fig. 2. Time series of T shown as departure from initial T. Contour interval is 0.5 K; dashed
contours indicate negative departures. Contours are labeled in units of 0.1 K.
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Fig. 3. Time series of qy shown as departure from initial qy- Contour interval is 0.5 g/kg; dashed
contours indicate negative departures. Contours are labeled in units of 0.1 g/kg.
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Fig. 4 shows examples of the clouds and
precipitation simulated by the model at hours 48
and 49. At hour 48 we see a decaying cell near
x=20 km and a group of cells extending from x=6S
to 105 km. One hour later, the cell at x=20 km
has further dissipated, while the cells in the
group have coalesced somewhat and begun to
dissipate.

Fig. S shows the temporal and spatial
distribution of the surface rainfall intensity.
From thigs figure, we see that the increase in
convective activity after hour 36 18 manifested
in, on the average, more intense rainfall and a
larger fraction of the area covered by rain. We
also see that the rain-covered area is largely
within a few groups of cells, especially from
about hour 48 to hour 60. These groups were up
to 40 km long and lasted several hours.

S. DETAILED ANALYSIS

S.1  Coupling between large-scale processes
and cumulus ensembles

To what extent are the properties of a
cumulus ensemble determined by the current
large-scale processes? Among other things, the
angwer depends on the averaging scale. It
probably also depends on the 1intensity of the
convection and its degree of mesoscale
organization. For example, the rainfall rate
ghoun in Fig. 1 is a property of the cumulus
ensemble; to what extent 1is 1t determined by
large-scale processes?

The cumulus ensemble properties of wmost
interest are Qq and Qz, the apparent heat source
and apparent moisture sink due to cumulus convec-
tion. Using data from the simulation, we are
calculating their time series and averaging each
time series with respect to cycle phase. We can
then obtain, and analyze, the variances of Q4

and Qp.

We are also examining the quasi-
equilibrium of the cloud work function. The
cloud work function is a measure of the buoyancy
generation of kinetic energy per unit cloud base
mass flux; its quasi-equilibrium is one of the
closure assumptions of the Arakawa-Schubert

cumulus parameterization (Arakawa and Schubert,
1974).

$.2 Cloud-subcloud laver interaction

We are alst extending the investigation
of cloud-subcloud layer interaction by Krueger
(1985). We are interested in the contributions
to Q4 and Q2 by penetrative cumulus downdrafts
and by rainfall evaporation. These effects are
very important in the SCL, yet are difficult to
include in a cumulus parameterization without

introducing wany additional disposable
Parameters.
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Surface Rainfall Intensity

Time (hours)

Fig. 5. Time series of spatial distribution
of surface rainfall intensity. Degree of shading
indicates rainfall intensity for rainfall rates
> 0.25 pm/hr averaged over 25 min. The peak
rates were between 60 and 120 mm/hr averaged
over 25 min.
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